Abstract: Austenitic stainless steel cannot be hardened by any form of heat treatment, in fact, quenching from 10000C merely softens them. They are usually cold worked to increase the hardness. Shot peening is a cold working process that changes micro-structure as well as residual stress in the surface layer. In the present work, the compressive residual stress and fatigue strength of AISI 304 austenitic stainless steel have been evaluated at various shot peening conditions. The improvement in various mechanical properties such as hardness, damping factors and fatigue strength was noticed. Compressive residual stress induced by shot peening varies with cyclic loading due to relaxation of compressive residual stress field. The consideration of relaxed compressive residual stress field instead of original compressive residual stress field provides reliable fatigue design of components. In this paper, the exact reductions in weight and control of mechanical properties due to shot peening process are discussed.
Nomenclature

CRSF
compressive residual stress field RCRSF relaxed compressive residual stress field A Almen 'A' scale S y yield point stress S sp permissible stress S sp / permissible stress after shot peening FOS factor of safety P applied load at the spring end
Introduction
Shot Peening is a method of cold working in which compressive stresses are induced in the exposed surface layers of metallic parts by the impingement of a stream of shots directed at the metal surface at high velocity under controlled conditions. The major applications are related to improvement and restoration of fatigue life and reliability of machine elements by increasing their fatigue strength, straightening and forming of machine elements (metal parts), pretreatment prior to plating, pretreatment for components to be metalized or coated with plastics, enhancement to resistance to stress corrosion cracking and corrosion fatigue, etc. Shot peening improves the fatigue and abrasion resistance of metal parts. Very fine cracks are generated in plastically deformed layer by shot peening. Existing dislocations are interacting with these dislocations in the deformed zone and results in no sharp slip steps. This effect leads to homogeneous deform surface zone and therefore leads to retardation of crack initiation (Pandey and Deshmukh, 2001) . It is applicable to ferrous and non-ferrous parts but is mostly used on steel surfaces. It consists of throwing hardened steel balls at the surface to be peened. The steel balls, or shots, are thrown against the surface either by compressed air or by centrifugal force as rotating wheel fires the shot. The intensity of the process can be varied by regulating the size of shot, the hardness of shot, speed at which it is fired, the length of time and the work is exposed to the shot. The result of the interaction of material parameters with the shot peening parameters are generation of residual stresses, strain hardening of the surface and sub surface layers, changes in microstructure and substructure of material, change in surface conditions and hardening characteristics of the material. Mitsubayashi, et al. 1995 , suggested a method of improvement in fatigue strength by shot peening and selection of most effective peening condition. Shaw, et al. 2003 , illustrated the role of residual stress on the fatigue strength of high performance gearing. Aggarwal, et al. 2005 and Aggarwal, 2006 found that the controlled shot peening improves hardness, causes relaxation of residual stress and increases fatigue strength of EN45A spring steel.
Austenitic stainless steel cannot be hardened by any form of heat treatment, in fact, quenching from 1000 o C merely softens them (Devdutt and Aggarwal, 2006) . In the present work, the exact reductions in weight due to relaxation of residual stress and control of mechanical properties by shot peening, are discussed for AISI 304 stainless steel.
Experimental Procedure
The chemical composition of austenitic stainless steel AISI 304 used was shown in Table 1 . The mechanical properties of parent material are: yield strength 210MPa, ultimate tensile strength 560MPa, fatigue limit 176MPa and elongation 40%. The specimens were made according to ASTM standards. The specimen used for determining the fatigue strength is shown in Fig 1 . Some specimens were shot peened for the purpose of comparing the peening effect. A-type Almen strip, 76X19X1.3mm thick was used to measure the intensity of shot peening. Almen intensity was expressed as arc height of Almen strip. 0.15mm camber value was designated as 6A. Shot peening was doing with centrifugal wheel system: diameter of wheel 495 mm, operating speed 2250 rpm. The cast steel spherical shots of 0.6mm diameter were used. The hardness of the shots was 56HRC to 60HRC. Shot flow rate was varied to obtain various shot peening intensities. The material was treated with Almen intensities; 3A, 6A, 8A and 15A. The coverage of shot peening is 90%. In fatigue test a stress ratio (R) equal to 0.1 was used. The specimens are testing in axial fatigue testing machine MTS model 810, at a frequency 30Hz, at room temperature. L half the length of span N total number of leaves B width of each leaf T the thickness of the each leaf L T total length of the leaf spring density of leaf spring material.
The residual stress induced by shot peening was measured by X-ray diffraction method. A Cr tube operating at 30kV with current 8mA was used for projecting k 1 X-rays. The diffraction angle 2 without strain was taken as 135.4 o .
Fatigue Design
Information flow diagram for improvement in fatigue design of a component is shown in Fig. 2 . The essential characteristics to be known for the fatigue design are: (i) S/N curve (ii) CRSF (iii) RCRSF. The data obtained from these characteristics and the mechanical properties of the material helps in fatigue design of the component.
Basic material data obtained on simple specimen is used for prediction model suggested by (Schijve, 2003) . The various design factors should be judiciously chosen and the decision is based on data calculated, governing conditions, statistical variations and application. In laboratory testing maximum and minimum load is applied at operating frequency to ascertain whether the component will sustain the definite number of cycles or not.
Results and Discussion
Fatigue design of shot peened AISI 304 stainless steel leaf spring has been illustrated with an example. The design shows the improvement in fatigue life, fatigue strength, reduction in weight and reliability. Also the hardness of the component improves with shot peening.
Mechanical Properties
Three mechanical properties are discussed for reliable fatigue design of shot peened leaf springs:
Hardness
Due to shot peening treatment, the effect of change in hardness was observed in the surface layer. The average value of hardness for base material ie. un-shot peened sample (USP) was 198 HV for AISI 304 stainless steel. Depending on the shot peening intensity, the hardness varied from 242 HV to 328 HV for shot peened samples (Table 2 ). The increase in hardness was seen because of the plastic deformation of metals on the metal surface. Also after shot peening the austenite phase is partially converted into martensite phase. The microstructure of unpeened austenitic stainless steel (austenite phase) and microstructure of shot peened austenitic stainless steel (martensite + austenite phase) shown in Fig. 3 and Fig. 4 . The phase transformation also improves the hardness (Goa Yukui, 2004) . The effect of shot peening was limited to a very small depth, 0.25 to 0.60 mm from the surface. It may be noticed that the depth of deformed layer is found to vary with shot peening intensity.
Damping Factor
The damping capacity in a system is characterized by a ratio called damping ratio or damping factor. It is the ratio of damping to critical damping. Damping factor is an important surface characteristic, which varies with shot peening conditions and depth from the surface of materials (Aggarwal, 2008) . Damping ratio or damping factor of shot peened sample is measured by Figure 1 . ASTM flat specimen for fatigue strength using an experimental set-up consisting of a CRO, accelerometer and amplifier. The damping factor is calculated from the logarithmic decrement ( ) (Meriam and Kraige 2002) .
Damping factor is critical property of the material to control the vibrations. Table 3 shows the damping factor of un-treated sample at different depth from the surface. It was also found that with increase in depth of deform layer, damping factor increases (Table 4 ). This was due to the induction of compressive stress on the thin layer of the surface by changing shot peening intensity.
S/N Curves
Shot peeing improves the fatigue strength of the components. It repairs micro cracks and hence, the initiation of fatigue crack over the surface can be delayed by cold working of the surface with the shots (Goa et al 2003 and Sharma 2001) . S-N curves for the base material and the shot peened specimens were determined using an axial fatigue-testing machine. The four stress levels 210MPa, 225MPa, 240MPa and 265MPa were tested and more tests were conducted near the endurance limit. Fifteen specimens (SAE Annual Book, 1977) were tested in order to plot an S/N curve. Only the average points were presented for each level (Fig. 5) . At different stress levels shot peening influence the fatigue strength. The effect of shot peening was negligible if the magnitude of the applied stress is above the endurance limit.
It is important to note that there is reduction in fatigue strength at higher Almen intensities. At Almen intensity 15A fatigue strength of the specimen is less (Fig. 5) . This reduction in fatigue life at higher Almen intensities is due to damage of surface material, which leads to crack initiation on the surface. Hence, it is not necessary that increase in shot peening intensity will always increase fatigue strength (Goa et al. 2003) .
Reduction in Weight
Compressive Residual Stress Field (CRSF)
Measurement of CRSF was carried out by X-Ray diffraction method. The measurement of residual stress with X-rays utilizes the interatomic spacing of Fig. 6 . In essence, the interatomic spacing (d) for a given lattice plane is determined for the stressfree condition and for the same material containing residual stress. The change in lattice spacing is related to residual stress. Bragg's law expresses the relationship between the distance between a give set of lattice planes (d), and the wavelength of X-ray radiation ( ), the order of diffraction (n), and the measured diffraction angle ( ):
The strain normal to the surface, which is measured by X-rays: The relaxation behaviour of compressive residual stresses is an essential problem for performance and life prediction of shot peened material and structure. The variation of CRSF at different depths for all the peening conditions is shown in Fig. 7 . It is common to all of the materials that the shot peening induced compressive residual stress must be released during cyclic loading when the superimposed stress of residual and applied ones is beyond the static and cyclic yield strength. It is usually admitted that the benefit of shot peening is more pronounced for components under a high cyclic region. Figure 8 shows the relaxation of stress at different shot peenig intensities. Relaxed compressive residual stress field is also measured by X-ray diffraction.
Exact Reduction in Weight
The compressive residual stress generated on upper surface due to shot peening protects the part against tensile service load. Note that the sign of residual stress is important because if the part were reverse loaded in service to the point of yielding, it would relieve beneficial compressive stress and compromise the part life. The S sp in the component is given as: (4) FOS has been applied on CRSF because of measurement error, wear of surface and variation in shot size.
Compressive residual stress induced by shot peening varies with cyclic loading due to relaxation of CRSF. Relaxation of CRSF is due to micro yielding and depends upon ductility of the material, number of cycles and stress applied. Therefore, the S sp / taking into account the relaxation of CRSF is stated as:
( 5) The CRSF should be added to yield stress for static loading and RCRSF should be added to yield stress for fatigue loading. Aggarwal et al. 2006 illustrated that the results of EN45A spring steel specimens and heavy leaf springs used in commercial vehicles, differ from each other. During the present analysis, it is assumed that while working with simple AISI 304 stainless steel leaf springs, results are slightly lower than specimen results and it can be accommodated in factor of safety during fatigue design. A factor of safety 1.6 was chosen from the Eq. 
The effect of shot peening intensity on fatigue design of semi-elliptical leaf spring with dimensions: P = 300N, L = 425mm, t = 40mm, b = 60mm, n = 6, LT = 3.635 m and = 7900Kg/m 3 , is shown in Table 5 .
Bending stress for leaf springs ( b ) was calculated using (Aaron 1985) ,
Weight of leaf spring was calculated as, W = L T bt X (8)
Conclusions
The following conclusions were drawn from the above discussion:
1) The CRSF relaxes due to fatigue loading. Relaxed compressive residual stress field (RCRSF) due to fatigue loading must be considered for reliable fatigue design of stainless steel AISI 304 leaf springs.
2) The weight reduction is higher in case of static loading but it is lesser in case of dynamic loading. It may be observed that there is a 10-20% weight reduction at optimum shot peening intensity. The designer must include the effect of shot peening, in calculation if he wants to remain competitive.
3) Shot peening is also found to be effective process for controlling mechanical properties such as damping factor, hardness and fatigue life in metallic surfaces.
